Molecular tools to stabilize -hairpin conformation are needed as -hairpin peptides are useful molecules for pharmaceutical, biological and material applications. We explored the use of a "triazole bridge", a covalent link between two -hairpin strands obtained through Cu-catalyzed alkyne-azide cycloaddition, combined with an aromatic-aromatic interaction. High conformationally stable peptides were identified by NMR screening of a small collection of cyclic peptides based on the Trpzip2 scaffold. The characteristic Trp-Trp interaction of Trpzip2 was replaced by a diagonal triazole bridge of variable length. NMR and CD analyses showed that triazole and indole rings could favorable interact to stabilize a -hairpin conformation. The conformational stabilization depends on the length of the triazole bridge and the reciprocal position between the aromatic rings. Combining aromatic interactions and the covalent inter-strands triazole bridge is an useful strategy to obtain peptides with high -hairpin content.
Introduction
β-hairpin peptides are useful molecules for pharmaceutical and biomedical applications [1] [2] [3] . They are also attractive to modulate protein-protein interactions [4] [5] [6] [7] [8] . Stability and formation of β-hairpin have been deeply analyzed [9] [10] [11] [12] [13] [14] and molecular tools have been developed to design conformationally stable β-hairpin peptides 9, [15] [16] [17] [18] . In the last years, we and others 19 have analyzed the conformational stability of -hairpin peptides presenting a triazole bridge, with variable lengths, in a non-hydrogen bonded position (NHB) 20 and in a hydrogen bonded position (HB) 21 . The "triazole bridge" is a 1-4 disubstituted 1,2,3-triazole, obtained by side chain-side chain cyclization through Cu-catalyzed alkyne-azide cycloaddition (CuAAC), 22, 23 forming a covalent linkage between -hairpin strands.
These previous studies have established that the formation of the inter-strands triazole bridge is an effective strategy to constrain peptides in a stable -hairpin conformation and the optimal bridge length depends on the specific -hairpin position (NHB or HB) of the tool [19] [20] [21] . However, we obtained peptides with a -hairpin content lower than the tryptophan zipper 2 (Trpzip2) 17, 24 , a 12-mer peptide characterized by a cluster of cross-strands interactions between four tryptophan residues, which we refer as folded -hairpin peptide.
Aromatic-aromatic interactions are important in stabilizing the structure of proteins 25, 26 , peptides [27] [28] [29] [30] [31] and in molecular recognition process 32, 33 . In particular, aromatic interactions have been exploited to design stable -hairpin peptides 6, 17, [34] [35] [36] . The 1,2,3-triazole is an aromatic heterocycle, nevertheless its role in establishing aromatic-aromatic interactions has never been explored for conformation stabilization purposes. We envisioned that if the triazole ring interacts with Trp, it will be possible to combine two stabilizing effects for a -hairpin peptide: aromatic interactions and inter-strand covalent linkage.
In this work, we aim to obtain a high conformationally stable -hairpin peptide combining aromatic-aromatic interactions and an inter-strand covalent linkage such as the triazole bridge. To 4 get this aim we designed a series of -hairpin peptides presenting the triazole bridge in a diagonal non-hydrogen bonded (DNHB) position close to tryptophan side chain.
Results and discussion
Peptide Design and Synthesis. A set of nine peptides ( Fig.1 and Fig.S1 ) was designed based on the Trpzip2 peptide, which presents a well-characterized -hairpin structure and possesses an excellent thermodynamic stability 17 . Trpzip2 consists of a ENGK sequence, to promote a type I' turn, flanked by the tripeptide sequence WTW on both strands. The Trp residues are located in the NHB positions 2, 4, 9 and 11.
In our previous studies on the role of triazole bridge in NHB positions in -hairpin peptides, we observed a weak NOE contact between Trp in position 2 and the cross-strand triazole bridge linking NHB positions 4 and 9, but we excluded any effect of triazole-tryptophan interaction on peptide stability 20 . In order to bring the two aromatic rings (triazole and indole) close and in a more favorable structural arrangement for interaction, we inserted the triazole bridge, with a diagonal arrangement, in the NHB positions 2 and 9 and leave the Trp in position 4 on the N-terminal strand.
Previous works on diagonal non-covalent interactions showed that they can contribute to the stability of a -hairpin peptide 37, 38 . In analogy with our previous works, starting with Trpzip2 sequence, we replaced Trp11 with a Val residue and Trp2 and Trp9, respectively, with alkyne and azide amino acids having different side chain lengths to determine the optimal bridge length for the -hairpin conformational stabilization. The schematic and complete sequences are reported in figure 
Peptide
Sequence a x y
alkyne and azido substituents ( Circular dichroism analysis. In order to study the conformational properties of the synthesized peptides, circular dichroism (CD) spectroscopy analyses were performed in phosphate buffer at pH 6.6. CD spectra of linear DNHB peptides (Fig. S4) show an intense negative band at around 200 nm with a weak negative shoulder in the range 215-220 nm, suggesting that the linear peptides assume a predominantly unordered conformation in aqueous solution 41 .
In contrast, cyclic DNHB peptides spectra show a negative band between 196 and 198 nm, less intense and blue-shifted of few nanometers with respect to the linear peptide, a negative band of variable intensity around 215 nm and a positive band at 227-229 nm is also present for few peptides (Fig. S5 ).
CD spectrum of a -structure in the far-UV-region is characterized by a negative band around 217 nm and a positive band under 200 nm arising respectively from n-* and -* transitions of the backbone amide groups. These bands could be masked, in peptide presenting aromatic residues, by -* transitions arising from interacting aromatic rings. This is the case of Trpzip peptides, whose CD spectra are dominated by exciton coupling between indole rings which produces a characteristic band splitting with a positive maximum at 225 and negative minimum at 218 nm 17, 24 . -hairpin peptides presenting interactions involving a Trp and an aromatic residue other than Trp have been 7 reported, for example Trp-Tyr, Trp-Phe [42] [43] [44] . Their CD spectra are characterized by multiple bands making unambiguous interpretation difficult. In general, a less intense positive band at 225 nm is observed, the negative band at 218 nm become a shoulder of a more intense negative band around 200 nm.
CD spectra analysis of cyclic DNHB peptides is not trivial as several factors can contribute to the spectra observed; in fact, the DNHB peptides differ for -structure content, -turn folding, strands twist imposed by the triazole bridge and strength of aromatic-aromatic interaction. However, we suppose that the anomalous far-UV spectra of cyclic DNHB peptides mainly reflect the interaction between the triazole and indole rings and the spectra diversity depends on the different geometry of interaction, which is dictated by the constrain imposed by the covalent cyclization through the triazole bridge. This hypothesis is supported by the CD spectra of DNHB2.2W3 peptide (Fig. S6 ).
This peptide (sequence in figure 1 ) presents non-interacting aromatic rings as the triazole and the The conformational properties of the cyclic peptides were qualitatively analyzed by comparing Hα chemical shifts relative to random coil values (ΔδHα) 45 . In particular, as shown in Figure 3 , residues 2-4 and 9-11 show significant downfield shifts consistent with the pattern expected for an antiparallel β-sheet. Asn6, Gly7, Lys8 are upfield shifted as typically detected for residues in turn conformation while Ser1 and Lys12 are in a random coil conformation as usually observed at Nand C-termini. Therefore, the extent of β-hairpin folding of each DNHB peptide was evaluated from different NMR parameters, the root mean square deviation of ΔδHα (RMSΔδHα) values taken for the residues located on the strands 14, 20, 21, 46, 47 and the ΔδGly in the turn of the hairpin 18, 20, 21, 31, 48 . The values determined for the DNHB peptides were compared to that obtained for Trpzip2, allowing us to rank DNHB peptides based on their conformational stability ( Fig. 4 and Table S1 ). This analysis, a part from the validity of the two-state assumption, is limited by the absence of accurate reference values for the completely folded and random coil states which affects the precision and accuracy of the absolute quantification of β-sheet populations 49 based on ΔδGly and RMSH respectively) with respect to Trpzip2 peptide. We can speculate that the minimum length of the triazole bridge is needed to confer a sufficient conformational flexibility to the triazole linkage to be accommodated into an adequate -hairpin structure. of long-range NOEs between residues in antiparallel strands of the -hairpin was performed.
Several strong interstrand HN-HN and H-HN interactions (Table S2) aromatic-aromatic interaction (Fig. 5) . Moreover, the 1,2,3-triazole H proton is upfield shifted (7.28 ppm) with respect to the value measured for the reference 1,2,3 triazole moiety (7.90 ppm in DMSO, 7.55 ppm in water 20 ). At the last, the temperature coefficients reveal that the backbone amide protons of residues Thr3, Glu5, Lys8, Thr10 and Lys12 are likely involved in hydrogen bonding, suggesting that the inter-strand hydrogen-bonding pattern of the hairpin is the same as in Trpzip2 (Table S3 ). Successively, we verified if hairpin stabilization of DNHB2.2 is strand-dependent synthesizing the peptide DNHB 2.2rev, where the alkyne and azide components are reversed. A comparison of the H shifts for DNHB2.2 and DNHB2.2rev showed a similar profile for both peptides (Fig. 6A) .
Indeed, the folded population of DNHB2.2rev was calculated to be 94% folded with glycine 12 splitting and 78% with RMSH methods (Fig. 6B) , indicating that no drastic change in hairpin folding occurs when the alkyne and azide components are exchanged. To investigate the influence of the aromatic interaction between the triazole moiety and the Trp4 indole on the DNHB2.2 -hairpin conformation, we synthesized the DNHB2.2W3 peptide swapping Trp2 and Thr3 residues. In this way, the triazole ring and the Trp side chain fall on the two opposite side of the -hairpin. This peptide showed considerably less H downfield shifting (Fig. 6A) . Moreover, very few cross-strand interactions were detected for DNHB2.2W3 by NOESY experiments which suggests a poorly folded system (Table S4 ). In DNHB2.2W3 no NOE crosspeaks were detected between the 1,2,3-triazole and the indole ring, thus excluding aromatic interactions. The -hairpin folded population for DNHB 2.2W3 was estimated to be 29% and of 13 38% with respect to Trpzip2 based on RMSH and glycine splitting methods, respectively ( According with NMR analysis, the CD spectrum of cyclic DNHB2.2W3 in the far UV region shows a minimum around 200 nm with minor changes with respect to the linear peptide spectrum. This spectrum is different from the spectrum of DNHB2.2 peptide (Fig. 7A) The strong destabilization of the -hairpin structure observed in DNHB2.2W3 reveals that the triazole bridge (with x=y=2) in diagonal position is weakly stabilizing by itself. Similarly, the W2W9 peptide, a Trpzip2 analogue presenting only two tryptophan residues in a diagonal arrangement, mainly shows an unordered conformation 24 . In our previous study on the role of triazole bridge in NHB positions 20 the values of the Gly splitting of the most stable peptide (NHB2.1) and its analogue with Trp flipped (NHB2.1W3) resulted comparable, therefore, suggesting that in the NHB peptide series the contribution of tryptophan side chain to the stabilization of the -hairpin is irrelevant. This result highlights that in order to establish an efficient 15 interaction between the triazole bridge and the Trp, it is not sufficient that the two aromatic rings are on the same side of the hairpin but an optimal reciprocal position should be found. Finally, comparing the -hairpin content of Trpzip2 and its analogue W2W4W9 with NHB2.1 and DNHB2.2 peptides (Fig. 8) we observed that the triazole bridge is less effective in replacing a cross-strand Trp pair (W2W4W9 vs NHB2.1) and more effective of a diagonal Trp-Trp interaction (W2W4W9 vs DNHB2.2). Furthermore, the formation of the triazole bridge covalently link the two -strands and it is expected to improve the metabolic stability of the peptide 19, 54 . 
Conclusion
The triazole bridge-Trp interaction is an useful strategy to design peptides with high -hairpin content. In fact, triazole and indole rings favorable interact to stabilize a -hairpin conformation. 16 The conformational stabilization depends on the length of the triazole bridge and the reciprocal position between the two aromatic rings. Combining aromatic interactions and the inter-strand triazole bridge covalent tool peptides with high -hairpin content, similar to Trpzip2 peptide, have been obtained.
Experimental

Materials and methods
The (14 eq ) and ascorbic acid (13 eq), the mixture was degassed with a gentle flow of N 2 for 5 min and then was stirred at room temperature for 1 h. Crude peptides were purified by RP-HPLC on a C12 proteo column (250x10.00 mm, 10 μm; flow = 5mL/min), the fractions were pooled and lyophilized. Clicked peptides purity were verified by analytical RP-HPLC using the specified gradient of CH 3 CN (0.1% TFA) in H 2 O (0.1% TFA) from 5% to 70% in 20 min. The purified cyclic peptides were characterized by LC-MS using a C12 proteo column (50x4.6mm, 4μm 
CD spectroscopy
The far-UV circular dichroism spectra were recorded using the J-810 spectropolarimeter (Jasco, Easton, US) equipped with a thermoregulation system Peltier PTC-423S/15, using quartz cells of 0.1 cm (Hellma , Milan, Italy). The peptides were solubilized in phosphate buffer (10 mM) pH 6.6
at a concentration of 50 M. Circular dichroism spectra were recorded at 20 °C using a 260-190 nm measurement range, 10 nm/min scanning speed, 2 nm bandwidth, 4 s response time, 0.2 nm data pitch. Near-UV CD spectra were collected on a Jasco 720 (Easton, MD, US) spectropolarimeter, in the wavelength range 260-340 nm, using a 1 cm path-length quartz cuvette (Hellma, Milan, Italy) filled with 1.9 mL of peptide solutions. Spectra were collected at 20 °C, setting the following parameters: scanning speed 10 nm/min, bandwidth 2.0 nm, data pitch 0.2 nm, response 4 s, standard sensitivity and three spectra accumulations. Aliquots of the lyophilized peptides were dissolved in 10 mM potassium phosphate buffer pH 6.6 and centrifuged at 13200 rpm for 3 minutes, at room temperature. Supernatants were recovered, diluted to 1.9 mL with buffer and analyzed by CD. value taken over all residues (RMSΔδHα) as a measure of β-strand stability at a given temperature was calculated. The ratio RMSΔδHα/ RMSΔδHα limit where the RMSΔδHα limit is the Trpzip2 value, was used to calculate the -hairpin fraction folded.
